Abstract -A pattern array integrated on the front panel of a LED flat light was designed to improve the illuminance. Various pattern shapes were fabricated, including square pillar, hexagonal pillar, circular pillar, and hemispheres. Among them, the hemispherical pattern shape showed the highest improvement in the illuminance of the LED flat light due to a decrease in the total internal reflection of light. Using both a ray-tracing simulation and an experiment with a hardware fabrication, the optimal conditions in the pattern size of the hemispherical pattern array for the maximum improvement of the illuminance were investigated.
Introduction
Lighting emitting diodes (LEDs) are used widely in many areas because of their many advantages, such as high energy conversion efficiency, high response rates, wide range of wavelengths (colors), and small size that secures a high degree of freedom in design. Accordingly, the LEDs can be applied to general lighting both indoors and outdoors, emotional lighting, automotive lightings, LCD backlights, visible light communication, diagnosis/therapy, healthcare, ultraviolet sterilization, Li-Fi (light-Fidelity), and plant factories. Among these applications, the LED lighting is particularly applicable and marketable, and a wide variety of LED lighting fixtures has been developed. In terms of the geometrical forms, LED flat lights are one of the forms that can make the best use of a range of advantages of LEDs, and they are applied to the products of high usability.
The light extraction efficiency of LEDs is of great importance. Basically the light extraction efficiency in the level of the LED chips is related to the difficulty of photons generated within the semiconductor materials to escape from the semiconductors due to the high refractive index. In actual InGaN-based LEDs with a simple regular hexahedron, the light extraction efficiency is as low as 4% of the total light generation [1] . Several studies have been conducted to improve the light extraction efficiency at the level of chips, such as chip shaping [2] , patterned sapphire substrates [3] [4] [5] [6] [7] , photonic crystals [8, 9] , surface roughening [10] [11] [12] [13] , and anti-/high-reflection surfaces [14] [15] [16] [17] . In addition, the light extraction efficiency is an important factor at the level of lighting fixtures. In this area, the light extraction efficiency depends on the structure of the light fixtures, and in the case of LED flat lights, enhanced efficiency may be expected when certain patterns are designed to be integrated on the front panel [18, 19] . On the other hand, there are still no reports on the optimization of patterns in relation to the improvement of the light extraction efficiency.
This study examined the optimal patterns of the front panels on the light extraction efficiency with the aim of improving the light extraction efficiency of LED flat lights.
Experiments
The basic structure of the LED flat light designed in this study is as follows; an aluminum plate was used on the sides and bottom of this cube housing, whose inner size is 300×300×52 mm 3 . For the inner surface of this housing, common white paint was used, which is common for light fixtures. For the panel in front of the light fixture, a polycarbonate plate, whose size was 300×300×2 mm 3 , was used. The light source of the LED was SFT825Z-S model PKG LED of Seoul Semiconductor Co., Ltd., which utilizes 3 RGB chips for the white color. A total of 100 LED light sources were arranged 10×10 at the same interval inside the housing. The actual patterns were fabricated on the polycarbonate panel using a 3D image processing device. The LED flat light illuminance was measured 1 m away from the structure using an illuminometer (Konica Minolta, Inc. T-10A).
A ray-tracing numerical simulation was conducted on the LED flat light structure using LightTools (Synopsys Co., Ltd.). The optical characteristics of the inner surface were those of common white paint; the reflectivity of the Lambertian surface was 92% and the absorption was 8%. The Fresnel reflectance surface was applied to the front panel [20] . Fig. 1 shows a schematic diagram and photograph of the LED flat light. Fig. 2 presents photographs of the integrated patterns on the front panel surface. At the bottom side of the front panel, patterns of an extruded type were integrated. The height, width, and interval of each pattern were the same as 1 mm, 1 mm, and 2 mm, respectively (for hemisphere, the height is 0.5 mm)(See Fig. 5 for definitions of the height, width, and interval of pattern). Various types of patterns including the hemispherical shape, cylinder, square pillar, and hexagonal pillar were attempted to determine the optimal one in terms of the light extraction efficiency.
Results and Discussion
Fig . 3 shows the simulated illuminance (a) when the front panel of the LED flat light had patterns and (b) when it did not, respectively. When there were patterns, the illuminance was improved by up to ~2.8 times compared to that when there were no patterns. This is because the patterns integrated on the panel reduced the total internal reflection inside after the light from the LED light source came into the panel and the patterns also induced light scattering, which increased the final light extraction efficiency of the LED flat light. The pattern used in the simulation of Fig. 3(a) was hemispherical: base diameter of 1 mm, hemispherical height of 0.7 mm, and distance between patterns of 1 mm.
As confirmed in Fig. 3 , the front panel patterns improved the illuminance of the LED flat light. The illuminance of the LED flat lights when the hemispherical shape, square pillar, hexagonal pillar, and cylinder were applied was also investigated.
First the hardware of each pattern was fabricated as shown in Fig. 2 and the illuminance was measured. In addition, the illuminance simulation was conducted for each pattern using LightTools. Fig. 4 shows the results. For the four different patterns, the height, width, and interval were the same (1 mm, 1 mm, and 2 mm, respectively). Therefore, the difference that only originated from the shape could be examined. When the four patterns were used, the illuminance was basically improved compared to when no pattern was used. Among these, the hemispherical pattern showed the highest level of illuminance. The numerical simulation indicated that the hemispherical shape involved a less critical angle for the total internal reflection to the incident rays than the other patterns, which decreased the total internal reflection most efficiently and improved the light extraction efficiency.
As the light extraction efficiency of the hemispherical pattern was the highest, the optimal condition of its pattern size was examined. The variables included the interval, height, and width of the pattern. A numerical simulation was conducted to measure the change in illuminance depending on the variables. First of all, the pattern interval was adjusted to 1, 2, and 3 mm after the height and width was fixed to 1 mm each. The number of hemispherical patterns decreased with increasing interval. As a result, the output illuminance decreased accordingly as shown in Fig.  5 (a) . The pattern height increased gradually from 0.1 mm to 1.5 mm with the interval and width fixed to 1 mm each. As shown in (b), the maximum illuminance was observed at a certain hemispherical height. Initially, the level of illuminance increased with increasing hemispherical height, and the maximum illuminance was measured at the point of ~0.7 mm. The level then decreased with increasing hemispherical height. Finally, the width increased gradually from 0.1 mm to 1.5 mm with the interval and height fixed to 1 mm and 0.7 mm, respectively. As shown in Fig. 5(c) , the maximum illuminance was observed at a certain width, 1.0 mm in this case.
Regarding the size of the hemispherical pattern, the maximum illuminance was measured when the pattern to pattern interval, width and height was fixed to 1 mm, 1 mm, and 0.7 mm, respectively. In addition, when conventional methods of panel arrangements were compared with our results, for example, 1-D stripe pattern with triangular cross section, it was obtained our hemispherical pattern still shows the highest light output performance with over 1.2 times.
Conclusion
To enhance the light extraction efficiency of the LED flat lights, an integrated set of patterns was applied to the front panel. Among the various patterns, the hemispherical form showed the highest level of illuminance, and the numerical simulation showed that the hemispherical shape effectively reduced the total internal reflection within the panel and increased the light extraction efficiency better than the other patterns. For the hemispherical shape that showed the optimal illuminance improvement, the pattern that would best optimize the light extraction efficiency was sought by adjusting the pattern size. As a result, the highest efficiency was achieved when the interval, width and height was 1 mm, 1 mm, and 0.7 mm, respectively. These findings are expected to be useful for panel pattern designs that will improve the light extraction efficiency of LED flat lights.
